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Abstract 
An adaptive approximation-based optimization (AABO) procedure is developed for the optimum design of a composite ad-
vanced grid-stiffened (AGS) cylinder subject to post-buckling. The design taking account of post-buckling under ultimate load 
will be able to promote the structural efficiency compared to the conventional design in which only the linear buckling is al-
lowed. The beam-shell offsets technique is utilized for modeling the stiffener-skin connection, and the Newton-Raphson method 
is employed for the post-buckling analysis. A few structural analysis efforts are carried out for establishing the Kriging model of 
the collapse load of the AGS cylinder for optimization to significantly increase the optimization efficiency. The multi-island 
genetic algorithm (MIGA) is utilized for global optimum search. An adaptive approximation framework is proposed to resolve 
the computational burden caused by the large domain of design variables, and it is demonstrated that much less computational 
expense than that of the traditional approximation-based optimization method can be achieved. The utility of making use of 
commercial optimization package iSIGHT in conjunction with the finite element (FE) code MSC.MARC to develop the prelimi-
nary design tool of the composite AGS cylinder is evaluated as well. 
Keywords: composite materials; optimization; post-buckling; full-factorial design; Kriging model; multi-island genetic algorithm 
1. Introduction1 
In today’s aerospace industry, light weight and high 
efficiency are the two main concerns. This is because 
that improving the load carrying capacity of the system 
while reducing the structural weight will enable the 
designer to add additional capabilities and reduce the 
life cycle cost[1-3]. For this purpose, a new type of 
structure, the composite advanced grid-stiffened 
(AGS) cylinder has been developed, which has been 
recently utilized in the design of the fuselage and 
launch vehicle structures. The application of grid 
stiffeners increases the load bearing capacity of the 
cylinder while does not increase the weight much. 
Meanwhile the manufacturing techniques of filament 
winding and automated fiber placement decrease the 
manufacturing cost and hence promote the application 
of the composite AGS cylinder[4]. 
Axial compression is one of the major types of load 
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borne by the AGS cylinder during the operation of 
launch vehicle. This kind of structure is designed to 
make the grid bear the majority of load and a 
small-thickness skin enclose the payload also maintain 
the shape of the grid. Therefore there is a tendency for 
the skin to exhibit buckling and post-buckling behav-
ior under axial compression. The results of both testing 
and analysis suggest that the effective use of AGS cyl-
inder can be optimized with carefully considering the 
post-buckling response[5-7]. Indeed, the optimization 
which permits post-buckling under ultimate load can 
provide further substantial reduction in structural 
weight compared to the conventional design method in 
which only the linear buckling is allowed. However, 
the post-buckling calculation is extremely time-con-
suming and not applicable for design[8]. 
For solving this problem, the use of approximation 
where the expensive simulation effort is replaced by 
approximation modeling in the optimization process 
can be useful. The approximation provides fast analy-
sis tool for conducting optimization and design space 
exploration since the inexpensive-to-run approxima-
tion is used instead of the expensive-to-run computa-
tional analysis[9]. The neural net (NN), one type of 
approximation strategy, was utilized for the weight 
minimization of a composite AGS cylinder under Open access under CC BY-NC-ND license.
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critical buckling load in Refs.[10]-[11]. It was also 
introduced to the optimization of a composite stiffened 
panel where the critical buckling load and collapse 
load were approximated[12]. The response surface 
method (RSM), radial basis function (RBF) and 
Kriging model were used for the optimization of a 
stiffened composite panel subjecting to buckling and 
post-buckling constraints[13-14] and the optimization of 
a hybrid composite structure[9]. Although the approxi-
mation-based optimization has been utilized in ana-
lyzing stiffened composite structures, its application to 
composite AGS cylinder has not appeared. 
An adaptive approximation-based optimization 
(AABO) process is developed for the optimum design 
of a composite AGS cylinder subjecting to post-buck-
ling. The design permits existence of post-buckling 
within the range of being below ultimate load to 
realize further weight reduction compared to the 
traditional buckling-constrained design. Based on the 
traditional approximation-based optimization method, 
an adaptive process is developed for the modeling of 
approximation of collapse load of the AGS cylinder, to 
lighten the computational burden caused by the large 
domain of design variables. This article consists of 
three parts: the finite element (FE) modeling of the 
AGS cylinder and the nonlinear analysis procedure; 
the approximation-based optimization strategies are 
described and verified for the AGS cylinder; and an 
adaptive approximation framework is proposed to 
minimize the required work load of analysis for fitting 
the approximation model. Making use of commercial 
optimization package iSIGHT in conjunction with the 
FE code MSC.MARC for the composite AGS cylinder 
optimization is also evaluated. 
2. Problem Definition 
2.1. Finite element model 
The being studied composite AGS, a stiffened cyl-
inder is made of carbon fiber reinforced plastic 
(CFRP), and bearing axial compressive load. It con-
sists of skin and uniformly distributed diago-
nal/circumferential stiffeners, as shown in Fig.1. The 
diagonal stiffeners are of 30° and −30° relative the 
axial direction, while the circumferential stiffeners are 
passing through the diagonal stiffeners intersections. 
 
Fig.1  FE model of AGS cylinder. 
The skin and stiffeners are all made from carbon/ep- 
oxy composite T300/5208. The skin is symmetric 
composite laminate and the stiffeners are made of uni-
directional prepregs. 
In order to obtain the load-bearing capacity of the 
cylinder during post-buckling, the load-shortening 
simulation is performed with the commercial FE tool 
MSC.MARC. The skin is discretized using the 
four-node shell Element 75, with six degrees of free-
dom at each node and taking into account the trans-
verse shear effects. And the stiffeners are discretized 
using the two-node beam Element 98, with six degrees 
of freedom at each node and also taking the transverse 
shear effects into consideration. The bottom side of the 
cylinder is clamping constrained while the top side is 
loaded by compressive load. The load is applied as a 
prescribed axial displacement. The nonlinear static 
analysis, in which the Newton-Raphson technique is 
used, is performed to analyse the load-shortening be-
haviour of the AGS cylinder. 
To model the stiffener-skin connection, the beam- 
shell offsets technique is utilized[15], as shown in Fig.2. 
This technique models the beam elements by sharing 
the shell nodes at the mid-plane of the shell, and the 
offset vectors pointing at the physical position of the 
beam nodes are specified. The offset vector is used to 
calculate the actual position and the incremental dis-
placements of the beam node. Because of adopting the 
beam-shell offsets technique, one geometry model of 
AGS cylinder can adapt to different dimensions of 
stiffener cross-section. Therefore, it provides signifi-
cant convenience for the large amount of modeling 
effort in the optimization. 
 
Fig.2  Beam-shell offsets. 
2.2. Post-buckling behaviour of AGS cylinder 
In the present optimization, the structural weight is 
minimized under the ultimate axial compression load 
of the AGS cylinder. A typical load-displacement curve 
of the AGS cylinder obtained from FE simulation is 
given in Fig.3, together with the deformation patterns. 
It can be seen that there are two stages in the curve. 
The first stage lying between A and B is linear, and the 
deformation shows uniformly along the circumferen-
tial direction. Then a bifurcation occurs at B when the 
deformation of the cylinder is restricted to local skin 
buckling between the stiffeners. The second stage ly-
ing between B and C is called post-buckling where the 
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stiffness of the AGS cylinder is decreased while the 
load bearing capacity is still retained. In this stage, the 
local buckles merge together gradually until global 
buckling has occured at C. Accordingly, the deforma-
tion is characterized by global buckling. The ultimate 
load at C is called collapse load and represented by 
Pco. The load-shortening simulation of the AGS cylin-
der, needs to take 0.5-2.0 h of CPU time using a PC of 
2.66 GHz CPU and 2 GB RAM. 
 
Fig.3  FE simulated load-displacement curve of AGS  
cylinder under axial compression. 
The design variables involved in the optimization 
are: the number of 30° stiffeners Ns which equals to 
the number of −30° stiffeners, stiffener thickness t and 
stiffener height H. Because of the fact that both of the 
discrete and continuous design variables are involved, 
and the need of taking the load-displacement curve of 
structure with nonlinear FE analysis to achieve the ulti-
mate load, the use of a non-gradient-based method such 
as the genetic algorithm (GA) is required[16-19]. However, 
the direct use of GA coupled with the FE simulation will 
unfortunately result too high computational cost. So that 
for saving the computational cost, the approxima-
tion-based optimization method is utilized. 
3. Validation of Optimization Strategies 
In this section, the adopted optimization strategies 
including approximation model and GA are evaluated. 
The Kriging model is applied for the approximation of 
collapse load and structural weight, which are fitted 
based on several sample points using FE simulation in 
MSC.MARC and the pre-process tool for MSC.MARC 
respectively. This process is carried out with the com-
mercial software iSIGHT which is a generic software 
shell that improves the productivity of the design 
process. In the verification, the domains of the design 
variables are 
s21 23
6 mm 8 mm
2 mm 4 mm
N
H
t
≤ ≤ ⎫⎪≤ ≤ ⎬⎪≤ ≤ ⎭
             (1)  
where Ns is an integer, and H and t are real and con-
tinuous. Since the circumferential stiffeners pass 
through the intersections of the 30° and −30° stiffeners, 
their numbers and positions can be determined by Ns. 
The full-factorial design (FFD) of design of experi-
ment (DOE) method is utilized to generate the sample 
points for the approximation, based on all the integers 
in the validation domain. Since FFD evaluates all the 
combinations of factors at all levels, totally 27 sample 
points are generated. 
3.1. Kriging model 
A Kriging approximation contains two parts as fol-
lows[20-22]: 
( ) ( )y f Z= +x x              (2) 
where f (x) is a known function of design variable x, 
and is a global model for the entire space. It is usually 
taken as a constant β ; Z(x) is a stochastic function with 
the mean of zero, variance of σ2, and non-zero covari-
ance as 
2Cov[ ( ), ( )] ( , )i j i jZ Z Rσ=x x x x        (3) 
where R(xi, xj) is the correlation function of any two of 
the data points xi and xj, and the Gaussian correlation 
function is used most frequently as follows: 
2| |
1
( , ) e k ik jk
N
i j
k
R θ− −
=
=∏ x xx x             (4) 
where N is the number of design variables and 
θk(k = 1,2,…, N) are fitting parameters, |xik−xjk| is the 
distance between the kth component of xi and xj. Then 
the predicted value of Kriging model is given by 
T 1( )y β β−= + −  r R y f              (5) 
where y is the column vector of total ns sample points, 
and f a column vector filled with 1. The correlation 
vector is ri=R(x,xi) and the correlation matrix Rij= 
R(xi,xj). The estimate of β is given by 
T 1 1 T 1( )β − − −= f R f f R y             (6) 
The estimate of the variance ( 2σ ) is 
T 1
2
s
( ) ( )
n
β βσ
−− −=   y f R y f           (7) 
2σ and β implicitly depend on the correlation pa-
rameters θk. The maximum likehood estimate of θk is 
deduced to an optimization problem as follows: 
2
s
1max ( ln ln | |)
2
s.t. 0k
n σ
θ
− +
>
 R
           (8) 
Thus, by solving the optimization problem the ap-
proximation model y is completely defined. 
Twenty test points are used to evaluate the accuracy 
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of Kriging model approximation. These points, which 
are different from the sample points, are selected uni-
formly from the design variable domain. The accuracy 
is measured by the relative error, which is the absolute 
value of the difference between the approximation 
value and the FE result being devided by FE result. 
Fig.4 shows the error of structural weight approxima-
tion for any test point is lower than 1%. The accuracy 
of the predicted collapse load is also given, where 
most points have the error being lower than 5% and 
the highest error is 6.3%. The accuracy is satisfied 
enough for the Kriging model to be used in the opti-
mization process. 
 
Fig.4  Kriging approximation accuracy. 
3.2. Parametric analysis 
Based on the Kriging model of the structural re-
sponse, the effects of design variables on the structural 
efficiency are analyzed. The effect of stiffener height 
H is shown in Fig.5. It can be seen that within the pre-
sent design space, global trend of the positions of the 
points is rising with the increase of the value of H. 
This indicates that the increase of the value of H pro-
motes the structural efficiency. In contrast, Fig.6 illus-
trates that the negative effect of stiffener thickness t on 
the structural efficiency. Moreover, although no chart 
is given for the sakes of brevity, the effect of stiffener 
number Ns is much more minor than H and t. Based on 
the differences between the design variable effects, it 
can be deduced that under a certain collapse load con-
straint, the values of design variables for the structure 
with the minimum weight are unique. In other words, 
the current optimization problem has the global opti-
mal solution. 
 
Fig.5  Effect of stiffener height H on structural efficiency. 
 
Fig.6  Effect of stiffener thickness t on structural efficiency. 
3.3. Multi-island genetic algorithm 
In the present study, the multi-island genetic algo-
rithm (MIGA) is used to drive the optimization search 
based on the Kriging model in iSIGHT. In MIGA, 
each population of individuals is divided into several 
sub-populations called island, and the individuals 
among the islands are selected randomly and periodi-
cally to perform migration operation[23]. The traditional 
genetic operation involves the selection, crossover and 
mutation which are performed separately for each is-
land. Two parameters are used to control the migration 
process: migration interval, which is the number of 
generations between two consecutive migrations; and 
migration rate, which is the percentage of individuals 
being migrated from each island at the time of migra-
tion. The flowchart of the MIGA is given in Fig.7. 
 
Fig.7  Flowchart of MIGA. 
In order to verify the capability of the MIGA in ob-
taining the global optima, several optimization tasks 
are carried out with different values of collapse load 
constraint. The parameters of MIGA are set as that the 
number of islands is 10, population per island is 10 
and total of 50 generations are required. The migration 
interval is 5 and migration rate is 0.5. The optimization 
results are shown in Table 1. The results are then plot-
ted in the design space according to the design variable 
domain, as shown in Fig.8. The figure covers all the 
used sample points and test points, and reflects the 
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profile of design space. The optimal solutions can be 
smoothly connected using a black curve and any point 
on this curve has the highest structural efficiency than 
any other points, which shows the global optimality of 
these optimal solutions. Therefore the capability of 
MIGA in obtaining the global optima for the present 
optimization is verified. 
Table 1  Optimal solutions of composite AGS cylinder 
No. Constraint /kN Ns H /mm t /mm Weight /g 
1 120 21 6.78 2.00   979 
2 140 21 7.20 2.20 1 022 
3 150 22 7.66 2.13 1 046 
4 160 22 7.49 2.41 1 058 
5 180 22 7.84 2.40 1 089 
6 200 22 7.64 2.75 1 125 
7 220 22 7.82 2.86 1 156 
8 240 23 7.68 3.11 1 192 
9 250 23 7.71 3.19 1 207 
 
Fig.8  Optimal solution in design space. 
4. Adaptive Approximation-based Optimization 
4.1. Optimization problem 
After the approximation-based optimization strategy 
is verified, the optimization problem will be attempted. 
The optimization problem is that the structural weight 
should minimized under the collapse load constraint of 
160 kN. The domain of the design variables are se-
lected as follows: 
s10 34
3 mm 10 mm
3 mm 6 mm
N
H
t
≤ ≤ ⎫⎪≤ ≤ ⎬⎪≤ ≤ ⎭
            (9) 
For this problem, the direct application of the 
Kriging model based optimization method will cause 
excessive computational cost. The reason is that for 
such a large design variable domain, if FFD is utilized 
for the whole design domain to provide sample points 
and so the accurate collapse load approximation model 
can be achieved, the number of FE analysis will be up 
to 800 times. The enormous computational time is one 
of the biggest obstacles to the optimization. 
4.2. Adaptive approximation 
Since the global optimal solution exists for the pre-
sent optimization, as discussed in Section 3.2, it is only 
necessary to obtain the accurate approximation model 
in the neighborhood of the optimal solution. Based on 
this suggestion, this article develops the AABO 
method to significantly reduce the computational effort 
compared to the way of fitting approximation model 
within the whole design domain. The AABO method is 
explained in Fig.9. Initially, approximation-based op-
timization is carried out for the whole design domain 
based on a rough approximation. Then the sample 
space is narrowed according to the initial optimal solu-
tion and the approximation-based optimization is per-
formed. Then the accuracy of the current approxima-
tion is verified and the optimality of the optimal solu-
tion is checked. This process is recurrently imple-
mented until the required accuracy is satisfied, and the 
optimal solution is achieved. The implementation 
process of the AABO method will be explained further 
in the following section. 
 
Fig.9  Flowchart of AABO method. 
5. Results and Discussion 
The implementation process of the AABO method is 
listed in Table 2. Initially in Step 1, 16 sample points 
are generated using the orthogonal design (OA) for the 
whole design space, and the design variable levels are 
set as Ns(10, 18, 26, 34)，H(3, 5, 7, 9) mm，and t(3, 4, 
5, 6) mm. The optimal solution are obtained as Ns=12, 
H=8.8 mm, and t=3 mm. The sample space for Step 2 
is determined based on the neighborhood of the opti-
mal solution achieved in Step 1 and the effects of de-
sign variables on structural efficiency. Since Ns has 
minor effect on structural efficiency, its domain should 
be larger and its level is set as Ns(10, 14, 18, 22). Since 
the t plays negative role in the structural efficiency, it 
can be judged that its optimal value is close to 3, so its 
level is chosen as t(3, 4) mm. Moreover, in the optimal  
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Table 2  Process of AABO 
Design domain Optimal solution 
Level of DOE Step 
Ns H /mm t /mm
DOE method Number of sample points Ns H /mm t /mm Weight /g
1 10,18,26,34 3,5,7,9 3,4,5,6 OA 16 12 8.8 3 1 098 
2 10,14,18,22 6,7,8,9 3,4 OA 16 10 8.1 3 1 029 
3 10,11,12,13,14,15,16,17 7,8,9 3,4 OA 32 15 7.0 3 1 051 
4 10,11,12,13,14,15,16,17,18, 19,20,21 6,7,8 3 FFD 36 16 6.7 3 1 041 
 
solution for Step 3, the value of H is the lower bound-
ary of the current design domain. Therefore, consider-
ing that H in global optimal solution might be lower, 
the domain of H is set as H(6, 7, 8) mm for Step 4. In 
Steps 1-3, sampling points are provided through OA, 
while in Step 4, the FFD is utilized for drawing the 
more refined sample points to increase the accuracy of 
the approximation model. 
Fig.10 shows the increase of approximation accu-
racy for collapse load from Step 1 to Step 3. The same 
tendency can be found for the structural weight ap-
proximation accuracy. In Step 4, FFD is used for per-
forming more accurate approximation. Fig.11 shows 
the approximation accuracy of collapse load in Step 4 
and the highest error is 6.47%. The approximation 
error of structural weight in Step 4, although not listed, 
is lower than 0.15%. Using FE to verify the optimal 
solution in Step 4, the errors are 0% and 2.26% for 
structural weight and collapse load respectively. In 
Fig.12, the optimal solution shows its global optimality 
in the design space, which is formed by all the used 
sample points and test points with their real responses. 
The changes of the values of the design variables in 
the four steps indicate that the stiffener thickness t has 
the highest convergence rate, while the stiffener num-
ber Ns converges with the lowest rate. This is consis-  
 
Fig.10  Collapse load approximation accuracy of Steps 1-3. 
 
Fig.11  Collapse load approximation accuracy of Step 4. 
 
Fig.12  Optimal solution of design space. 
tent with the effect of design variables discussed in 
Section 3.2. 
In Section 4.1, it is mentioned that totally 800 sam-
ple points are needed if a highly-accurate approxima-
tion model of collapse load is constructed based on the 
whole design domain. However, in the AABO process 
which is presented in Table 2, only 116 sample points 
and test points are used, the computational cost is con-
siderably reduced compared with the 800 sample 
points needed by the traditional approximation-based 
optimization method, and the optimization efficiency 
is increased further. 
6. Conclusions 
The AABO procedure is developed for the design of 
a composite AGS cylinder under post-buckling. Spe-
cial stiffener-skin connection modeling method is util-
ized for modeling the efficiency of this optimization 
process. The effectiveness of Kriging model for struc-
tural responses and MIGA is evaluated, and its appli-
cability for this problem is demonstrated. The AABO 
procedure significantly reduces the FE computational 
cost compared with the direct application of Kriging 
model-based optimization method to the whole design 
variable domain. The present optimization procedure 
provides an efficient tool for the preliminary design of 
the composite AGS cylinder. 
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